Abstract.-Rates of DNA synthesis in root tip cells of diploid and autotetraploid snapdragon (Antirrhinum majus) seedlings and in diploid and tetraploid (mononucleate and bidiploid-nucleate) regenerating mouse-liver cells have been studied. The increase in this rate in the tetraploid cells is closely correlated with the increase in nuclear surface area, but not with the nuclear volume; this suggests a possible control of the rate of DNA synthesis by the nuclear membrane.
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The extent to which the DNA content (e.g., degree of ploidy) of the nucleus in eukaryotic cells may affect the duration of the cell cycle and the length of the S period (when DNA doubles in interphase) within this cycle has been studied several times, and the results have been conflicting. Van 't Hof and Sparrow' first reported that the duration of the total mitotic cycle is positively correlated with nuclear DNA content; Van't Hof2 later claimed that the length of the S period is linearly related to DNA content. On the other hand, Cameron and Stone,3 Pilgrim and Maurer,4 and Troy and Wimber6 found the S period in a variety of cells of different DNA contents to be practically constant. We have studied this problem in an animal and a plant cell system and found that both produced the same results, but our findings differ from those in references 2 through 5. Our results can, moreover, be explained by a theory about the orderly arrangement of chromatin that was recently put forth by Comings.6 Materials and Methods.-The materials used in this study were diploid (2n = 16) and colchicine-induced autotetraploid (4n) seedlings of snapdragon (Antirrhinum majus) and regenerating liver cells of 6-to 7-week-old male mice (BALB/c CRGL).
Seeds from 2n and 4n snapdragon plants were germinated at room temperature on Petri dishes containing filter papers soaked with tap water. After 4-5 days, seedlings with roots 3-5 cm long were selected and placed on filter papers soaked with 5 ,uc/ml of tritiated thymidine (spec. act. 1.9 c/mM) or 25 Ic/ml of tritiated cytidine (spec. act. 1.3 c/mM) in tap water; both 2n and 4n seedlings were placed on the same filter paper and roots were completely submerged in these solutions. Samples were fixed 15 min later in acetic alcohol. Seedlings exposed to H3-thymidine for 15 min were also washed (10 min) and then allowed to grow further in tap water with added unlabeled thymidine (0.05 mg/ml); samples were fixed in acetic alcohol at various times from 1 to 18 hr later.
Root tips exposed to H3-thymidine were stained with Feulgen and squashed on slides, and those exposed to H3-cytidine were digested with pectinase7 and then squashed on slides. All slides were covered with stripping film (AR 10) and exposed for various times. Cells labeled with H3-cytidine were stained with methyl-green through the processed emulsion. While H3-thymidine was incorporated mainly into DNA, H3-cytidine was incorporated into both RNA and DNA of root tip cells (see also ref. 8 ). The autoradiographs of cells labeled with H'-cytidine were exposed for a relatively short period of time to detect the radioactivity from RNA only; this was checked by digestion of cells with RNase prior to the preparation of autoradiographs.
The frequencies of interphase and mitotic nuclei labeled with H'-thymidine were de-termined to estimate the duration of the various stages of the cell cycle by the method of Taylor.9 Rates of DNA and RNA syntheses were determined by counting silver grains over nuclei of cells labeled for 15 min with H3-thymidine or H3-cytidine. Background grains, counted close to each cell, over similar areas were subtracted from counts over each nucleus. The numbers of nucleoli present in both 2n and 4n root tip cells were counted from slides stained with silver.10 The nuclear surface areas and volumes were calculated from camera lucida drawings of sectioned nuclei. Mice weighing 20-25 gm each were anesthetized and partially hepatectomized (left lateral lobes and parts of median lobes of livers were removed). Several days (2'/2-4'/2 days) after partial hepatectomy, 50 luc of H8-thymidine (spec. act. 6.7 c/mM) in 0.2 ml of sterile saline were injected via tail veins; 15 min later, the animals were killed and slices of liver (right lateral lobes) were fixed in acetic alcohol. Paraffin sections (8 M The rates of DNA synthesis in mononucleate diploid (2n), tetraploid (4n), and bidiploid-nucleate cells (i.e., cells containing two 2n nuclei) were determined from grain counts over sectioned nuclei. Volumes and surface areas of these nuclei were also determined. The procedures for grain counts and determination of nuclear volume and area were similar to those described above for root tip cells. Nuclear volumes of liver cells can be used to estimate the degree of ploidy ( Fig. 1; see also ref. 11) .
From inspection of the nuclear volumes graph (Fig. 1) , all labeled mononucleate cells with nuclear volumes up to 500 ,u were considered to be diploids in the S period; those with nuclear volumes over 500 ,3 were scored as tetraploids. The combined nuclear volumes of bidiploid-nucleate cells are similar to those of mononucleate tetraploids.
Note that plant and animal materials were scored differently in that grain counts were done on very flat squashes of plant nuclei and on microtome sections of animal nuclei. The reason for this is technical: In the plant material, 2n and 4n cell populations were separate and the simplest way to score grains was to use squashes. In liver, 2n and 4n cells are mixed; hence, it would have been difficult to distinguish between them in a squash. However, one set of data can easily be converted to conform with the other (see last paragraph of Results).
Results.-(a) Plant cells: Four hours after an initial 15-min labeling with H3-thymidine, all mitotic cells in both 2n and 4n root tips are labeled (Fig. 2) . Many of these tagged cells enter into the second mitotic division 8 and 12 hours later in 2n and 4n roots, respectively (Fig. 2) . Therefore, the duration of the mitotic cycle for an average 2n cell is 8 hours and for an average 4n cell it is 12 hours (cf. refs. 9 and 12). This shows that the doubling of the chromosome number has lengthened the duration of the mitotic cycle (cf. ref. 1). This increase is mainly due to an increase in the pre-DNA synthetic or G1 period (see also refs. 13 and 14) and in the DNA synthetic or S period, while the post-DNA synthetic or G2 period and the mitotic or M period in both plants are about the same ( Table 1) . The G1 and S periods for an average 4n cell are seven and three hours, respectively, as compared to four and two hours for an average 2n cell. The estimation of the S period is based on the frequencies of labeled nuclei9 from four 2n or 4n roots (900 nuclei/root) exposed for 15 minutes to H3-thymidine. The variation in these frequencies between roots was small. In every root about one quarter of all cells were in the S period (2n: 22.6 4 1.3; 4n: 22.7 ± 0.7). The number of silver grains over an average 2n and 4n root tip nucleus, labeled for 15 minutes with H3-thymidine, was 47.9 i 1.7 and 68.7 ± 2.3, respectively (each value based on three roots with 53 nuclei/root). Thus the grain ratio between 4n and 2n nuclei (68.7/47.9 = 1.43) corresponds well with the ratio of the S periods (3/2 = 1.50) estimated above. Although autotetraploidy has doubled the nuclear volume, it has increased the rate of DNA synthesis by less than 50 per cent of the diploid rate; this rate shows a much better correlation with the increase in nuclear surface area of the 4n nuclei than with the increase in their volume (Table 1) .
In contrast to DNA synthesis, the capacity of the nucleus to synthesize RNA has been doubled by doubling the chromosomes; the average number of grains over 2n and 4n nuclei (two roots each; 50 nuclei/root) labeled for 15 minutes with H3-cytidine are 11.3 4 0.5 and 24.3 4 1.2, respectively. The average number of nucleoli per nucleus also doubled in 4n root tip cells (Table 1) . These results fully agree with those of Van't Hof.15 (b) Animal cells: Table 2 presents the number of grains per unit area of the nucleus of different types of regenerating mouse liver cells exposed to H3-thymidine for 15 minutes. Grains per unit area are used because of the possible inclusion of some nonmedian nuclear sections for grain counts. On a per unit area basis, the number of grains produced over nuclei of 2n mononucleate and bidiploid-nucleate cell is about the same (Table 2 ; A vs. C), while the number of grains produced over nuclei of 4n mononucleate cell is significantly lower than those over nuclei of the other two cell types (Table 2, A vs. B and B vs. C). Therefore, the rate of DNA synthesis per unit area of the nucleus decreases in the 4n mononucleate cells. Grains were counted over sections (8 p) of Feulgen-stained nuclei. Autoradiographs were exposed for 8 days.
This decrease in the rate of DNA synthesis is correlated with a corresponding decrease in the nuclear surface-to-volume ratio of the 4n mononucleate cell. Table 3 shows that between all 2n and 4n nuclei there is a decrease of about 27 per cent in grains per unit area; the surface-to-volume ratio decreases about 20 per cent. (The nuclear surface-to-volume ratio (0.70) of the 2n mononucleate cell is the same as that (0.68) of the bidiploid-nucleate cell; as mentioned above, the rate of DNA synthesis per unit nuclear area is also the same in these cells. We are therefore justified in pooling data from all 2n nuclei.) The data from liver can be expressed like those from snapdragon by multiplying grains per area by nuclear volume: For 2n nuclei, total nuclear radioactivity becomes 5.5 X 340 = 1870; for 4n nuclei it is 4.0 X 695 = 2780. The latter figure represents an increase of 49 per cent over the former, similar to the increase in the total nuclear surface area of 62 per cent (234/380 X 100).
Discussion.-The findings of Cameron and Stone,3 Pilgrim and Maurer,4 and Troy and Wimber6 appear plausible at first sight. In a test-tube situation and without the limitation of any necessary ingredients, the rate of DNA synthesis would be expected to double when the amount of primer is doubled; on the basis of this principle the length of the S periods of various nuclei would be fairly constant, because a doubling of the number of replicons would double the rate of synthesis. However, in the living cell some restrictions due to structural relationships among cell components may affect the rate of synthesis. Comings6 recalls the replicon hypothesis by Jacob et al.16 which postulates that in bacteria the initiation of DNA synthesis occurs at a specific location of the cell membrane. Furthermore, Comings6 proposes that in eukaryotic cells the nuclear membrane may play a similar role, and he provides good evidence (his Fig. 2 ) that incorporation of H3-thymidine into DNA at the beginning of the S period is restricted to chromatin in close proximity to the nuclear membrane. This opens up the possibility that specific chromosomal sites of DNA synthesis are attached to specific sites on the nuclear membrane, which would then control the timing of DNA synthesis. Our findings can be explained on this basis, since the rate of DNA synthesis is related to nuclear surface, i.e., the total area of nuclear membrane available. Another possibility is that the nuclear membrane simply controls the transport into the nucleus of some limiting ingredient necessary for DNA synthesis.
